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Abstract
Indium tin oxide (ITO), sometimes referred to as tin doped indium oxide, is a
widely used transparent conductor due to its ability to offer higher conductance and
better etch ability over other transparent conductors. ITO has been utilized as
transparent electrodes in liquid crystal displays and heterojunction solar cells, as
transparent heat reflecting films, as the sensing medium in gas sensors, and in
optoelectronic device applications. In general, these films are characterized by high
transparency in the visible spectra, high reflectance in the IR and absorption in the
UV regions, and near metallic conductivity.
Although the desired characteristics of the film depend strongly on the
application, they (transparency and conductivity) should ideally be as high as
possible. In this work DC reactive sputtering was used to deposit high quality ITO
films on ambient temperature substrates with a resistivity of lxl0"3 ohm-cm and an
average transmittance of 85% over the range of 400 to 800 nm.
The results of a statistically designed experiment showed that with a high
oxygen partial pressure and low the argon partial pressure the deposited film was
near fully reacted with resistivities of 1x10^ ohm-cm and an average transmission
of 85%. With low oxygen and high argon partial pressures the ITO films are more
metallic in nature with resistivities of lxlO-2 ohm-cm and an average transmission
of about 50%. The optical and resistive properties of the films were shown to
improve with 200 C post deposition anneals in air on hot plates. Anneals of as-
deposited films up to 200 C initially reduced the resistivities of the films due to
grain growth and provided small improvements in transmission. Anneals over 200
C increased the average transmission and resistivity by incorporating more oxygen
into the films.
Chapter 1
Introduction
1.1 Classification of ITO
Indium tin oxide, often referred to as ITO or tin doped indium oxide,
is classified as a transparent semiconducting thin film. ITO is one of
several semiconducting thin films of which the more common include
cadmium oxide, tin oxide, and zinc oxide. These films are characterized
by high transparency in the visible spectra, high reflectance in the IR
region, high absorption in the deep ultraviolet (DUV) region, and near
metallic conductivities. Indium tin oxide is widely used as a transparent
conductor because it offers higher conductance and better etchability than
the other transparent conductors1. Undoped indium oxide, or 10,
generally has an approximate transmittance between 75 and 90% in the
visible spectra, an index of refraction between 1.9 and 2.1, and resistivites
in the range of 10"3 to 10"4 Q-cm. For tin doped indium oxide, or ITO, the
above properties are similar except resistivities drop to 10-4 to 10-5 2-cm.
The intrinsic and doped properties of indium oxide and other transparent
films are summarized in Table 1.1.
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1.2Applications of ITO
The applications of transparent semiconducting films, and indium
tin oxide specifically, are numerous1-2-3. There have been several uses in
solar cell applications. Some of these uses include deposition as top
electrodes in semiconductor-insulator-semiconductor cells, employing the
wide band gap of the top semiconducting film. This is illustrated in Figure
1.1a. ITO films have also been extensively implemented as transparent
electrodes in heterojunction solar cells due to its high transmittance in the
visible wavelengths. A third example illustrates the application of their
optical properties as an antireflective coating on solar cells. The refractive
index of high quality indium tin oxide in the range of 1.9-2.1 is utilized to
create an antireflective coating at the silicon-air interface, thereby
reducing reflected radiation and increasing absorption.
The fact that ITO coatings are highly reflective in the infrared
region makes them ideal for use as a heat mirror. Deposited coatings on
energy efficient windows allows for the reflection of thermal radiation
outward and for visible light to be transmitted. Along similar lines, the
films have been employed as coatings on the inside of incandescent light
bulbs. This permits the transmission of visible light through the coated
film while thermal radiation is reflected inward. The reflected radiation
aids in heating the filament. This increases the efficiency of the lamp by
reducing the power required to heat the filament to a certain operating
temperature while minimizing unwanted heat radiation outside the bulb.
In Figure 1.1b the amount ofvisible light transmitted is plotted as a
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Figure 1.1: Typical applications of ITO films: (a) as a top semiconducting
film in a semiconductor-insulator-semiconductor solar cell and
(b) as a heat reflective coating on the inside of an incandescent
lamp [1].
function of the reflected IR radiation (1-TEFF) for various film
thicknesses. For film thicknesses ofup to about 0.3 microns the amount of
IR radiation transmitted can be reduced from 50 to 30 percent with little
change in the transmitted visible radiation.
There exists further uses in optoelectronic devices such as CCDs
where ITO is used as a transparent conducting gate. The high
transmittance and low refractive index results in a high quantum
efficiency in the visible region, aiding in the ability to fabricate front side
illuminated CCD arrays1. The increased quantum efficiency corresponds
directly to an increased signal to noise ratio for the device. Additionally,
the lower index of refraction of a transparent conductor aids in reducing
the interference that is seen with poly-Si devices.
With the current increase in portable electronic devices requiring
flat panel displays the use of indium tin oxide as a transparent electrode
has grown. A diagram of how indium tin oxide is used in a flat panel
display is shown in Figure 1.2. The ITO is used as an electrode for each
pixel on the screen and as a common electrode for the entire display. An
applied field across the two electrodes results in twisting the crystals
which turns the pixel on and off. Films applied in such applications are
required to be extremely defect free. For a typical 8 inch diagonal display
containing near 80,000 pixels only 2 or 3 defects that result in pixels stuck
off are allowed. Defects resulting in pixels remaining on are not tolerable.
Further applications consist of wear resistant coatings on glass
containers, as thin film resistors, and as the sensing medium in gas
sensors. In the case of the gas sensor there is a conductivity change in the
Light
source
Thin-film
transistor
Polarizer
Circuit plate
Color filters
(red, green,
blue)
Indium tin oxide
pixel electrodes
Liquid crystal
solution
Common
electrode
(also ITO)
Polarizer
Viewing side
Figure 1.2: Diagram of indium tin oxide used in an active matrix LCD
[35].
presence of an oxygen gas. This conductivity change is a result of oxygen
diffusing into the film, thus changing the electrical properties. In general,
semiconducting transparent films can and have been used in a myriad of
applications that require visible transparency, electrical conductivity, and
infrared reflectivity.
This thesis is organized as follows: Chapter 2 covers the general
properties of indium tin oxide. It covers the structural properties of
undoped indium oxide, the electrical conduction mechanisms of indium
oxide and the effect of tin dopant on the electrical properties. The optical
properties in the UV, visible, and IR regions of tin doped indium oxide
films are discussed. Chapter 3 presents various deposition methods
available for ITO. Deposition methods ranging from CVD and chemical
processing to evaporation and sputtering are discussed. The benefits and
drawbacks of these methods are reviewed. Additionally, the effects of
substrate heating and post deposition anneal steps on the properties of the
films are covered. In Chapter 4 the results of preliminary deposition
attempts through thermal evaporation are examined. The configuration of
the sputter deposition system used for the work is presented along with
the methods used in the characterization of the films properties. Chapter
5 is devoted to the characterization of the sputter process and the film
properties that were obtained. This covers the effect of gas partial
pressures and power on the target and film properties along with the
influence of post deposition annealing on the film properties. The results
of scanning electron microscopy and x-ray diffraction on the investigation
of film structural properties are given. The chapter ends with the results
of a process optimization experiment and the generation of a response
surface for the deposition process. Chapter 5 also covers the performance
of the sputter system employed in the present work. It includes
modifications made in the system to improve performance and possible
suggestions for further improvement to gain better control of the process.
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Chapter 2
General Properties of ITO
Although the desired film properties depend strongly on the
application, they should ideally be as conductive and transparent as
possible. It is well documented in the literature that high transparency
and high conductivity are simultaneously achievable in ITO films even
though the parameters that make a highly transparent film are not
conducive to a highly conductive film and vice versa. This follows from
theory since photons are absorbed in the UV/Visible spectral region by the
large number of free charge carriers in the film, yet a large number of free
charge carriers are needed for high conductivity. Figure 2.1 demonstrates
the trade off in sheet resistance and reflectance properties in these films
in the visible-IR spectral region. An increase in the free charge carriers
reduces the sheet resistance but increases the reflectivity.
This chapter discusses how the structure of ITO relate to the
electrical and optical characteristics of the film. Section 2.1 covers the
crystal structural and grain properties of the films. Sections 2.2 and 2.3
contain information on the conduction mechanisms of undoped indium
oxide and tin doped indium oxide, respectively. The conduction of the
undoped case is governed by oxygen vacancies and interstitial atoms while
the doped film conduction is dominated by the dopant contribution.
Section 2.4 covers the optical properties of the film. This section discusses
the absorption mechanism at short wavelengths and the reflective
characteristics at long wavelengths. The final section 2.5 presents the
9
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Figure 2.1: Illustration of tradeoff in properties between reflection and
sheet resistance of ITO films [20].
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reported effect of incorporating oxygen during the deposition on the film
properties.
2.1 Structural Properties
The structure of indium oxide films, In2 03, is generally
polycrystalline with a crystal structure similar to several rare-earth
oxides. Indium oxide has a cubic bixbyite structure named after the
mineral bixbyite (Fe,Mn)20318- It is basically thought of as an incomplete
body centered cubic close-packing of the oxygen ions. Figure 2.2a
illustrates this structure, the small dark spheres represent oxygen
vacancies, the white spheres oxygen ions, and the large black spheres
indium ions. X-ray diffraction data of ITO has been shown to indicate a
bcc structure by many researchers3>8>9>10. The lattice constant for this
structure has been found to be 10.118 A18. Grain sizes are reported to be
in the 20 to 200 nanometer range and are dependant on the deposition
and anneal parameters8-19. Larger grain sizes are obtained if the films are
deposited at a slow enough rate so that there is sufficient time for the
sputtered material to oxidize and crystalize. Increases in substrate
temperature during deposition and/or post deposition anneal steps aid in
the crystallization of the films. The larger grain sizes increase the mobility
of the charge carriers. This increases the conductivity since the
conductivity is directly proportional to the product of the carrier
concentration and the mobility.
2.2 Electrical Properties of Intrinsic Indium Oxide, In203
Conduction in indium oxide films is attributed to oxygen vacancies
11
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Figure 2.2:Crystal structure of ITO. (a) Projection on a cube face ofhalf
the contents of the bixbyite structure and an illustration of
the packing drawing, (b) Basic unit in In203 network [18,25].
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and interstitial doping atoms in the indium oxide crystal lattice. Instead of
the stoichiometric structure (In3+)2(02-)3, oxygen deficiency creates a non-
stoichiometric, or substoichiometric, structure. The conduction mechanism
for the indium oxide system is typically explained by its defect chemistry.
The undoped non-stoichiometric indium oxide film can be expressed as
l7l20s-x(Vo)Xe'2x (2.1)
where x represents the number of doubly charged oxygen vacancies, (Vo),
and is typically less than 0.01, depending on the oxidation state32, and the
e'
represents the electrons needed for charge neutrality. This results in an
n-type conduction in the films. Charge carrier concentrations for indium
oxide films are reported to be approximately 1019-1020 cm-3. At low
temperatures the conduction is strongly related to the oxygen vacancies
since the band gap, of approximately 3.75 eV for In203, is too large to
allow significant thermal excitation for intrinsic conduction to have an
effect. The intrinsic conduction mechanism involves direct excitation of
electrons from the valance band to the conduction band. At temperatures
of approximately 800C intrinsic conduction has been shown to
dominate22.
2.3 Effect ofTin on the Conduction Properties
Tin dopant has been found to change the electrical properties of
indium oxide films appreciably. Tin, which has a higher valency than
indium, acts as a donor by substitutionally replacing indium atoms.
Published analysis work reports that the tin is tetravalent, each In3* is
13
replaced by a Sn4+, in high quality ITO films31. This process generates
free carriers in addition to those generated by oxygen vacancies. Carrier
concentrations for tin doped indium oxide films have been reported to be
in the range of 1020-1021 cm"3. Figure 2.3 illustrates the change in sheet
resistance with the concentration of tin. This figure shows a minimum in
sheet resistance for a tin concentration of approximately 10%. It has also
been found that tin is soluble in the indium oxide crystal lattice up to an
approximate concentration of 8%. With increases beyond this
concentration the effect of tin as a dopant donating a free electron
decreases as the tin atoms start to form a tin oxide phase. Figure 2.4 is an
illustration by Elfallal, Pilkington, and Hill23 of a complete In203-Sn02
system where 5snm is the solid solubility limit of tin in In203, and 8m is
the maximum number of moles of Sn02 for the In203 structure to be
maintained. Also, S\n is the number of moles of indium in the tin lattice
and 8sn is the number ofmoles of tin in the indium lattice23.
This figure shows that the solubility of Sn02 in the indium oxide
lattice is linear up to the solid solubility limit of Sn02 in In203. Beyond
this limit, increases in the moles of Sn02 results in a constant solubility
until a maximum at 5m(50-60%) where the solubility decreases and the
Sn02 lattice starts to be built up generating a distinct Sn02 phase. It is in
the region of approximately 8%, near the solid solubility limit of Sn02 in
indium oxide, where high quality ITO films can be achieved. At this
concentration the tin dopant generates carriers, but is not abundant
enough to cause negative effects on the carrier mobility. Mobility is
reduced at higher tin oxide concentrations due to the generation of
disorder in the indium oxide lattice as a result of a Sn02 phase.
14
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The conduction mechanism of a tin doped indium oxide system has
been shown to depend on the oxidation state of the film32. For a highly
reduced (oxygen vacancies 0.01) sample with relatively low doping
concentrations the number of carriers resulting from oxygen vacancies is
comparable to the number of carriers generated by ionized tin dopant
atoms. The system can be represented as
xSnOz+ (l-x)ImOs e/m-i- pSrixOn - p(VinVo)8sn (2.2)
In this model by Elfallal et al.23, the indium cation vacancy is created to
preserve charge neutrality, and (VinVo) is an associated In-0 vacancy, fi
is a function describing the concentration of tin dopant which is equal to
x-<5. In the solid solubility limit region of tin doped indium oxide, where
high quality ITO films are obtained, the carriers generated by the tin
dopant dominates over the carriers generated by the oxygen vacancies.
The In203-Sn02 system can then be represented by
xSn02 + (l-x)Im03 <-> Im - x(V)nVb)* (2.3)
Therefore, in high quality ITO films the electrical conduction is related to
the donor atoms. The amount of oxygen has an effect of reducing the
carrier concentration through the formation of tin oxide complexes and the
creation of trapping centers.
It has also been suggested that above a certain concentration of tin
(greater than 98%), a distinct Sn02 phase appears in which In3+ acts as a
dopant replacing the Sn4+. This decreases the conductivity if two In3+ ions
17
are present for each missing
O2" ion, because the defect then becomes
locked in the lattice decreasing the number of free carriers23. Additionally,
since tin is a slightly larger atom, it has an effect of creating disorders in
the indium oxide lattice when incorporated as a dopant. This enhances
scattering and results in a decrease in carrier mobility2. Indium oxide has
mobilities in the range of 30-75 cm2V"1s-1 with n=1019-1020 cm-3 while tin
doped indium oxide films have mobilities and carrier concentrations of 10-
50 cn^V-ls"1 and n=1020-1021 cm3, respectively1. 10 and ITO films are
considered superior over other oxide films as a transparent conductors due
their highermobilities.
2.4 Optical Properties
The previous sections showed that the conductionmechanism in the
undoped and doped films of indium oxide is related to the oxygen content
of the film. An oxygen deficiency generates charge carriers in indium
oxide. In tin doped indium oxide the oxygen content effects conduction in
the film through the generation of traps and tin oxide complexes.
Generally, a lower oxygen content in the films corresponds to a higher
conductivity.
However, oxygen deficient films tend to be less transparent than
films with an oxygen surplus. This trade off between a large number of
charge carriers needed for conduction and a limited number needed for
low absorption illustrates the need to critically control the oxygen content
in the films.
The high transparency of indium tin oxide in the spectral region
between =0.3pm and =1.5pm and high reflectance above 1.5pm is shown in
18
Figure 2.5. The figures indicate that the transmission decreases
significantly in the short and long wavelength regions. The low
transmission in the 300 nm range of the spectrum, as shown in Figures
2.5a and 2.5b, is a result of the ITO film absorbing radiation. The critical
wavelength at which this occurs is called the ultraviolet absorption edge,
Xc and is related to the energy gap of the film by
\c = hclEg (2.4)
The wavelength values physically correspond to electronic transitions
from the valance band across the energy gap into the conduction band. For
wavelengths shorter than Xc, the absorbed energy excites free carriers
into the conduction band continuum. For values larger than Xc the films
are essentially transparent since no mechanism exists to excite electron
transitions. As mentioned earlier the band gap of ITO is direct and
approximately 3.75 eV. This band gap has been shown to shift to slightly
larger values with increasing tin dopant concentrations3.
In the long wavelength or low energy region, approximately 1.5pm
and above, the transmission decreases and reflectance increases, as shown
in Figure 2.5b. This is derived from the real and imaginary parts of the
index of refraction which are related by the dispersion relations20
n2-k2=e1-ncq2/m*e0(co2
+ f) (2.5)
2nk=yncq2 /m*e0co(Q}2 + y2) (2.6)
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Figure 2.5: Reported transmission spectra of ITO films, (a) As deposited
0.16um ITO(), (b) after a 250C lhr anneal in air ( ),
[9,2].
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where, n and k are the real and imaginary parts of the refractive index, el
and e0 are the permitivity of the film and free space, nc is the electron
concentration/cm3' m* is the electron effective mass, 0) is the frequency, q
is the charge, and y is the reciprocal of the carrier relaxation time. At a
critical frequency, a, the real and imaginary parts of the index of
refraction are equal and the optical properties change radically. This
critical value of co is known as the plasma frequency, cop. This
corresponds to the plasma wavelength, Xp, by
cop=2nc/Xp (2.7)
where c is the speed of light in this expression. At this transition when
n=k, the conductivity is high. Therefore y, which is inversely related to
the electrical conductivity, can be neglected20 and the upper dispersion
relation above be reduced to
Xp=(27tc/q)(1e0m*/nc)m (2.8)
This relation indicates that the plasma wavelength only depends on
carrier concentration. Increases in the carrier concentration causes the
plasma wavelength to shift to lower values, thereby reflecting more IR
radiation. When the wavelengths of the incident radiation are larger than
the plasma wavelengths the film exhibits a metal like reflection, and when
they are shorter than Xp the film exhibits the high transmittance
properties of a dielectric material. Thus, a properly formed indium tin
21
oxide film can be made to have a compromise of electrical and optical
properties.
2.5 Role ofDeposition Parameters on ITO Properties
The role of oxygen during deposition on the electrical properties of
an ITO film can be seen in Figure 2.6a. This figure illustrates the
electrical properties of an ITO film deposited in an oxygen partial
pressure. It shows an increase in mobility, and corresponding decreases in
the carrier concentration and resistivity at oxygen partial pressures
between 10 "4 and 10"5 Torr. This has been explained as oxygen enhanced
crystallization of the films2. The mobility of the film is low at partial
pressures of approximately 10"6 torr. At these low partial pressures there
is not enough oxygen introduced into the system to maintain a crystal
structure. There is essesentially a breakdown of the lattice at extremely
low partial pressures. If the deposition parameters are controlled such
that the indium can be oxidized and a near stoichiometric film structure
deposited, the film will have a crystalline structure as opposed to an
incompletely oxidized amorphous structure. Further increases in oxygen
partial pressure above 10 "4 torr during deposition results in a decrease in
free carrier concentration and an increase in resistivity, confirming that
the free carrier concentration is dependant on oxygen concentrations.
It has also been found that the transparency of the film increases
with increasing oxygen content in the film2. This is due to the reduction of
the carrier concentration and thus less absorption of photon energy. As
the oxygen concentration in the film is increased, the transparency of the
film increases as seen in Figure 2.6b. When the oxygen partial pressure is
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Figure 2.6: Effect of oxygen on the electrical properties of ITO (a) and the
optical properties (b) [2].
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increased into the 10"4 torn* ange, the films exhibit approximately 90%
transmission in the visible spectra. Although the optical properties of the
film are less sensitive to the oxygen content, the fact that resistivity and
transparency increase with increased oxygen content clearly demonstrates
the competing factors involved in obtaining a highly transparent and
conductive film.
The effect of the substrate temperature during deposition is an
important parameter in controlling the resistivity of the films and is
strongly related to the oxygen content in the atmosphere during heating.
With increasing substrate temperature the resulting films exhibitmobility
increases, resistivity decreases, and slight decreases in the carrier
concentration. The increase in mobility and the decrease in resistivity can
be attributed to the increase in crystallite size which reduces the grain
boundary scattering mechanisms3. The higher substrate temperatures
also aid in increasing the transparency of the film because most deposition
methods deposit an oxygen deficient and amorphous film with low
transparency. The heating of the substrate either during deposition or in a
post deposition anneal step in the presence of oxygen allows for the
incorporation of more oxygen in the film by enhancing the chemical
reactivity.
The effect of deposition pressure and substrate temperature on the
structural properties of films has been studied extensively20. In general,
higher substrate temperatures and lower pressures during deposition
result in surface and bulk diffusion processes of the deposited material.
This improves the densification and crystallization of the films and thus
has an effect of increasing the mobility and conductivity of the film.
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Chapter 3
DepositionMethods
There have been several techniques used to deposit ITO. Each
method yields different results because the electrical and optical
properties depend strongly on the microstructure and stoichiometry of the
film. As mentioned in the last section of the previous chapter, various
factors during deposition have a direct effect on the properties of the films.
Deposition methods that can control these critical factors are desired.
Some of the deposition methods are reviewed in this chapter. Section 3.1
discusses evaporation techniques and 3.2 addresses the technique of
sputtering. These two methods are commonly used based upon the ease
and widespread use of these techniques. Section 3.3 covers various other
methods such as chemical vapor deposition and dip processing where the
sample is immersed into a coating solution. The final section, 3.4, presents
information on post deposition annealing methods.
3.1 Evaporation
Evaporation of ITO can be performed through resistive heating,
electron beam, or ion beam methods using either an alloy or oxide source.
Evaporation of an indium/tin alloy is usually done either reactively in an
oxygen partial pressure or followed by an anneal step to oxidize the
filml314. E-beam or ion beam methods are typically preferred for
evaporation due to the difficulties of thermally evaporating the material.
Oxide sources usually sublime at pressures less that lxlO"4 Torr making
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evaporation slow and nonuniform. The difference in vapor pressures of
indium and tin, as illustrated in Figure 3.1, generates an additional
problem of controlling the stoichiometry and uniformity of the tin dopant
in the indium oxide matrix, since during evaporation it is possible one
element may evaporate well before the second does. At 10"5 Torr there is
approximately a 300 degree difference in temperatures where the metals
vaporize.
In general, evaporation offers the advantages of being a well
understood method based on its widespread use and the ability to deposit
at low pressures. The low pressure deposition reduces the risk of
contamination in the film. The disadvantages of this technique are that
the substrates are usually required to be heated or annealed afterward to
obtain the desired properties and sample size may be limited by the
geometry and size of the vacuum chamber.
3.2 Sputtering
Sputtering is another method for thin film deposition with
advantages of controllable deposition rates and the ability to maintain the
dopant stoichiometry of the target material in the film. Similar to
evaporation, sputtering can be performed from an oxide or an alloy. The
oxide material needs to be RF sputtered due to the insulating nature of
the oxide material, while the alloy target material can be either RF or DC
sputtered. Use of an alloy target involves sputtering reactively in a gas
mixture containing oxygen and/or annealing the film after deposition to
obtain the stoichiometric film. The reactive sputtering method is
appealing since the ability exists to fully control the amount of oxygen
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Figure 3.1: Graph of vapor pressures of indium and tin.
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incorporated into the film. Studies have been done that thoroughly
characterize the target oxidation kinetics during reactive sputtering,
allowing for full control over the oxygen content of the film15.
In reactive sputtering a gas, such as oxygen in the case of ITO,
reacts with the source metal on the surface of the target or on the
substrate surface. Reaction in the gas phase is negligible in the pressure
range of 5x10& Torr used for sputtering15. When the oxygen reacts with
the ITO film and target, it is consumed. The film and target act as a getter
pump. When oxygen is added into the system with a constant argon
partial pressure, the introduced oxygen should be incorporated into the
film. This would be indicated by a lack of change in the system pressure
even though a gas is added to the system. When the target is fully
saturated or oxidized the sputter rate decreases and the pressure begins
to rise with increasing oxygen additions. In order to return the target to
the deficient state the oxygen flow must be reduced to a critical lower
value. This effect, known as a hysterisis effect, has been observed in many
reactive sputtering systems.
A generic hysteresis curve, Figure 3.2a, illustrates the various
sputtering and oxidation kinetics of the system. If pa is the pressure of
the chamber for a certain flow of inert gas, argon in this case, then as the
reactive gas flow is increased into the system from zero the pressure will
rise linearly. For a fixed pumping speed the pressure is proportional to the
total flow rate ofgas into the chamber.
PocQ/f (3.1)
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where P is the pressure, Q is the throughput of the pump, and f is the
flow of gas into the chamber. This is illustrated by the larger dashed line
in the figure. Under sputtering conditions, when power is applied to the
target, as the reactive gas flow rate is increased there will be no increase
in the chamber pressure. This is because the reactive gas introduced into
the chamber is being consumed or reacting with the target material and
the deposited film. At low reactive flow rates there is a small amount of
oxygen, the reactive gas, incorporated into the film. The film is essentially
doped with the reactive gas.
As the flow rate is increased the concentration of oxygen in the film
increases until the film is fully oxidized. This point is called the critical
flow rate, fri in the figure. At this flow rate the system pressure slowly
rises to a new equilibrium pressure pi. Several researchers have
characterized this equilibrium reaction15. It is essentially a situation of
competing oxidation and etch rates of the target. This equilibrium
transition is a result of a compound forming on the target surface. In this
state a constant volume of reactive gas is consumed. Additionally, with the
formation of the oxide on the target surface a change in sputter rates will
occur since an oxide material typically sputters slower than a metal. A
corresponding change in the DC voltage also occurs due to the oxide
formed on the surface. This is illustrated in Figure 3.2b, where the DC
voltage needed to maintain a constant current is plotted. For low oxygen
concentrations the voltage is high. When the critical flow rate is reached
and an oxide is formed on the surface of the target the voltage decreases.
This is a result of the higher secondary electron yield of the oxide
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compound compared to the metal. The secondary electrons are the key in
maintaining the DC glow discharge.
Further increases in the reactive gas flow rate beyond this critical flow
results in a linear increase in pressure. The pressure is, however, an
amount equal to a difference of po-pi- This pressure difference is the
amount of reactive gas consumed by the target material and film. When
the reactive flow rate is decreased the pressure difference remains
constant until a flow rate of fr2, where the pressure drops down to pa. This
lower flow rate is needed in order for the oxide on the target to be
sputtered faster than it is growing, returning the target to a metallic form.
This is indicated by the pressure dropping to the value for just the inert
gas and the DC voltage rising to its level prior to oxidation.
There are two stable states of the reactive deposition system, the first
of which occurs when the reactive flow rate is less than the critical flow
rate and the film is basically doped with the reactive gas. Control of the
process in this state allows for control of the stoichiometry of the film. The
second state is when the reactive flow rate is greater than the critical flow
rate, resulting in the sputtering of an oxide compound on the surface. It
should be noted that with a reactive gas flow rate less than the critical
flow rate the target may still be in the second, fully reacted state. This is
due to the observed hysterisis effect. The rate at which the reactive gas is
consumed in each of the states is given as
/c = fr (3-2)
and
fc=(frl-fr2)l(Po-Pl)HPl-P2)] (3.3)
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for the first and second states respectively, where fc is the consumption
rate.
Sputtering in the state where the film is completely stoichiometric
and the target is fully oxidized results in a film of high resistivity. The
film is highly reacted with few oxygen vacancies. The films then need to be
annealed at high temperature in order to reduce the resistivities of the
films. Molzen16 reported optimum anneal temperatures for an In/Sn alloy
target sputtered in 100% oxygen to be about 500C. These anneals are
typically performed in inert, vacuum, or reducing ambient. The general
result of these anneals is to increase crystallinity and reduce the oxygen
content of the films. These high temperature anneals could be deleterious
in certain applications if substrates are unable to sustain high
temperature anneal steps. This, along with the fact that the sputter rate
of a target when oxidized is much slower than when it is in a semi-
metallic state, makes sputtering in the deficient state more desirable.
Sputtering in the deficient state requires control over the system so
that it is operated close to but not at the critical flow concentration where
the target becomes oxidized. Films deposited in this state are deposited at
a high rate and do not need the high temperature anneals to achieve good
conductivity. However, an anneal at lower temperature can still aid in
improving the film by increasing the crystallinity and thus reducing the
resistivity.
Further advantages of sputtering, being a low temperature process,
allow for the deposition onto substrates that may not withstand the high
temperature effects that other processes may require. A disadvantage of
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this process is that substrate size may be limited based on the geometry of
the system.
3.3 CVD, Pyrolytic Decomposition, and Dip Processing
CVD, pyrolytic decomposition, dip processing, and other similar
chemical processes offer the advantage of coating large area substrates.
Chemical vapor deposition of ITO is performed by bubbling a carrier gas,
such as nitrogen, through a heated tank of indium acetylacetonate
(In(C5H702)3) and tin acetylacetonate (Sn(C5H702)2)- Films are typically
deposited in a heated chamber with the substrate4. Higher temperatures
during deposition favors crystallization. The geometry of the system is
critical in controlling the deposition rate. Spraying techniques based on
the pyrolytic decomposition of tin and indium compounds are also used.
This process is similar to a CVD system with the exception that the
reactions occur at the surface after the spray reaches the substrates. With
this process low temperatures result in amorphous coatings. The size of
the droplets from the spray is a key factor in controlling the uniformity.
Additionally, dip processes involving the immersion of the substrate in
baths that contain metal ions in aqueous solutions can be performed to
give reasonable results1. In the bath hydrolysis and condensation take
place resulting in a film that needs to be annealed after deposition.
These deposition methods are useful for coating large surface area
substrates. All of these processes deposit amorphous films that need to be
annealed after the deposition or have to be deposited at higher
temperatures to ensure crystallization. As mentioned earlier, the high
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temperature anneals or deposition may not be suitable for all substrate
applications.
3.4 Substrate Heating and PostDepositionAnneal Steps
In both evaporation and sputtering, the substrates are sometimes
heated to enhance the reaction of oxygen with the target material and to
help enhance the crystalline properties of the films. Post deposition anneal
steps have been widely investigated in many reports13-14'16'1?. Ambients
for annealing that have been reported on are vacuum, oxygen rich gas,
inert gas, and a reducing gas. For oxygen deficient films, annealing in an
oxidizing atmosphere will increase the oxygen content of the films.
Annealing in a reducing gas, such as H2/N2, aides in reducing the oxygen
content of oxygen rich films. Anneals in an inert ambient or vacuum helps
maintain the film composition while enhancing crystallization. Ambient
and anneal temperature needed to obtain optimum results vary depending
on the deposition method. It is generally understood that anneals up to
200C aid in enhancing the crystallization of the films. Research has
shown that with anneal temperatures up to 400-500C, the resistivity of
the films decreases significantly while the transmission improves slightly.
Figure 3.3 illustrates the typical effects of anneal temperature and
ambient on the properties of an ITO film17. The figure illustrates the
effect of anneals on 1000A ITO films. The films were dc sputtered in an
argon partial pressure from an alloy target onto ambient temperature
substrates. These reported results indicated a rapid decrease in sheet
resistance with a minimum observed at about 200C, and then a slow
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increase for temperatures up to 500C. The resistivity change up to 200C
is attributed to grain growth and increases in mobility. Beyond 200C
there was no further increase in grain growth and the resistivity increased
with increasing temperatures. The change in resistivity in this region is
due to the changes in the active oxygen concentration at the particular
anneal temperature. Subsequent anneals at lower temperatures following
the ones at high temperature resulted in reducing the resistivity back to
the 200C level. This minimum was then held for anneals below 200C.
This is due to the irreversibility of the grain growth incurred at higher
temperatures during the forward cycle.
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Chapter 4
Deposition Configuration and Evaluation
A DC reactive sputtering deposition method was chosen to sputter
ITO films for this thesis. This method was chosen based on its advantages
over a thermal evaporation method. The deposition process was optimized
and assessed for controllability and repeatability. In order to obtain films
of desired properties several modification had to be made to an existing
sputtering system. Section 4.1 discusses some preliminary work
investigating a method of thermally evaporating pressed oxide pellets.
The results of the investigations are covered along with the reasons for
choosing a sputter method. In Section 4.2, the sputter system as designed
is described. Necessary modifications of the system for obtaining quality
films are presented in Section 4.3. The final section, 4.4, covers the
techniques used to characterize the deposited films.
4.1 Preliminary Investigations
Initial investigations of the thermal evaporation of ITO pressed
pellets resulted in as deposited films of high resistivity (=1000Q-cm) and
low transmittance (=50%). Anneals of these films in a reducing ambient
(forming gas 10%/90% H2/N2) resulted in greatly improved transmission
properties of approximately 90% with little or no improvement in
electrical conductivity. Anneals in a forming gas only reduced the film
resistivities to lxlO'2 Q-cm at best.
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The inability to obtain conductive films through evaporation was
attributed to a number of reasons. The pressed indium tin oxide pellets
were being evaporated in a tungsten coil at pressures on the order of 10 -5
Torr. At these pressures the pellets sublimed. This resulted in a very
uneven and slow deposition of the pellets, with evaporation occurring
mainly at the locations where the pellets touched the tungsten coil.
Additionally, indium and tin have different vapor pressures as mentioned
in Chapter 3 which would result in the indium evaporating before the tin,
causing and uneven distribution of the tin dopant in the film. Finally, the
films were deposited on room temperature substrates, thus the films were
probably amorphous and of low density.
Switching to a sputter deposition method allows for controllable
deposition rates and control over film stoichiometry, as sputtering is a
physical deposition process and therefore the different vapor pressures of
the two metals is a moot issue. The sputter yields of indium and tin have
minimal effects on the uniformity of the dopant compared to the vapor
pressure instance. Also, the effects of substrate bombardment in a
sputtering process on the properties of films has been widely
investigated21. Ion, electron, and gas species bombardment aids in
altering the structure of the deposited films by enhancing the reactivity of
the films with the reactive gas and by assisting in the crystallization and
densification of the films. This is an advantage for the sputtering process
because control of these properties allows for high quality films to be
deposited on ambient temperature substrates.
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4.2 Initial System Configuration
A reactive deposition was performed in an Ar/02 sputter
atmosphere. The target was a four inch In/Sn alloy target, 90% indium/
10% tin concentration by weight with a purity of 99.99%. The deposition
system, shown in Figure 4.1, was a CVC batch sputtering system designed
for manufacturing applications. As designed, the system used eight inch
circular magnetron sputter cathodes. Target to substrate distance is
approximately five centimeters, in a sputter-up configuration. The system
was evacuated through the use of a rough pump and a cryo pump. This
allows a base pressure of approximately 3xl0"6 Torr to be obtained in a
reasonable amount of time. The base pressure was measured with an
ionization gauge and the sputtering working gas pressure was measured
with a pirani gauge. The cryo pump was throttled to a fixed position which
reduced the pump opening to roughly 10% when the system was operated
at deposition pressures in the millitorr range. Oxygen and argon gas flow
rates were controlled by mass flow controllers. The argon and oxygen
MFC sizes (maximum flow rate) were 500 and 50 seem, respectively. They
were rated with a variation of +/-0.5% at total flow. Additionally, the
system was also equipped with a radiant heater which could allow heating
of the substrates during deposition. The substrates could be rotated on a
substrate holder over the target at approximately 15 rpm or be held in a
stationary position over the target.
4.3 SystemModifications
For the deposition of indium tin oxide one of the three normal eight
inch cathodes was removed for a four inch sputter head that allowed easy
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40
change of target materials. During initial preliminary work the In/Sn
target was just simply placed on the cathode assembly and clamped down.
Without any bonding to the cooled cathode assembly there was a question
regarding thermal transfer from the target to the head. Indium has a
melting point of 156C and is a soft material. During deposition the target
tended to buckle as it heated, possibly due to a thermal gradient from the
top to bottom of the target. This buckling effect lifted the center of the
target off of the cathode assembly. When this happened, the only points
for thermal transfer were at the edges of the target. This resulted in the
target overheating, most noticeably in the racetrack regions where the
sputtering is concentrated, causing the material to melt and fall back
down to the cathode assembly. On the back of the target there was a
noticeably protrusion in the region of the racetrack. This was observed
even for low power and slow deposition rates. The problem was corrected
by bonding the In/Sn target to a four inch oxygen free highly conductive
(OFHC) copper backing plate. This backing plate provided structural
support for the target so it did not buckle and separate from the cathode
assembly, thus maintaining thermal contact and preventing overheating.
Monitoring of system pressures during sputtering is typically
performed with a pirani gauge. Pirani gauges have been known to
experience drift and erroneous readings as a result of contamination.
They also are not ideal for use in reactive deposition processes where
different gases are used. Amore suitable choice of a pressure gauge would
be a low-impedance capacitance manamometer. Because of the
unreliability of the pirani gauge, the pressure was controlled indirectly
through the use of mass flow controllers and not the pirani gauge. This
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was a result of problems obtaining precise and repeatable results with the
pirani gauge. Thus, most of the data obtained is expressed as and
compared to, gas flow, which is proportional to the system pressure when
the pumping speed is held constant.
The film uniformity was less than ideal for the deposited film. The
films had a uniformity of +/- 20% over a
3"
range. This uniformity is
illustrated in Figure 4.2a. The non-uniformity is only in the vertical
direction because the sample passes over the target. This is evident by the
parallel thickness regions. The manufacturer of the sputtering cathode
quotes a uniformity specification of +/-3% over a
4"
range for a source to
substrate distance of four inches. The sputtering system configuration
used in this research had a close-coupled design with a two inch source to
substrate distance. Modifications of the system to increase the distance to
four inches or greater in an attempt to enhance the uniformity did not
provide a significant improvement. The best option for improving the
uniformity was found to be through the use of shields to control the
sample's exposure to the plasma. This shielded configuration provided a
significant improvement in the uniformity and is illustrated in Figure
4.2b. The dashed circles in the center of the target represent the racetrack
region. Keeping the substrate stationary also incorporates heating effects
from the plasma that were uncontrollable. This was avoided in the
characterization of the process by keeping the substrate holder rotating
during deposition.
Control over the power applied to the system could be improved
with amore accurate ammeter and or target with more area. Because the
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Figure 4.2: Sample uniformity and shield configuration.
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target is only four inches in diameter and indium sputters at a fairly high
rate, the power required to sputter at a reasonable rate is moderately low.
At these low power settings currents of 0.5 to 0.75A only are needed
which are at the extreme end of the power supply and analog current
meter. Since the power is directly related to the sputtering rate and the
sputtering rate is a critical factor in controlling the film properties,
improvements in the controllability of the power would be advantageous.
An eight inch target would require more current to maintain the same
power densities. This may enhance the controllability of the process by
providingmore sensitivity with the power control.
4.4 Characterization Methods
Characterization of the deposited films was performed by various
techniques. Electrical measurements were taken with a four point probe
on the films on a glass substrate. The film thickness was measured with
a profilometer, ellipsometry, and reflectometry. Additionally, ellipsometry
provided the index of refraction of the films. Transparency of the films
over the spectral range of 300 to 800 nm was obtained through the use of a
Perkin Elmer UV/Visible spectrophotometer. The elemental composition of
the films was determined through energy dispersive x-ray analysis; the
crystalline structure of the films was determined through x-ray
diffraction; and the morphology of the deposited films was determined
through secondary electron imaging in an electron microscope.
Characterization of the deposition process was performed using statistical
experimental design techniques.
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Chapter 5
Deposition Characterization: Results and Discussion
Characterization of the deposition process and the resulting films
were performed using the system configuration mentioned in Chapter 4
with the exception of the shields. The shield configuration was determined
after all characterization was performed. Thus, the deposition rates
quoted in the following chapter are without the shields in place and the
substrates rotating. It should be noted that the deposition rates quoted
are relative rates for the system with the substates rotating at about 15
rpm. The actual sputter rate of the target would be about fifteen times
higher than the stated deposition rates. The films were deposited onto
microscope slides and
3"
silicon wafers. The slides allowed for
transmission and electrical measurements and the silicon provided index
of refraction and thickness values. The results of these characterizations
are presented in the following sections.
Section 5.1 covers initial screening investigations into the process.
The evaluation of controlled and uncontrolled factors over a wide range
was investigated. The procedures used to obtain the films acquired for the
characterizations is also presented in this section. The next section, 5.2,
covers the results of an optimization experiment performed after an
operating range was determined from the screening work. Models were
generated for various responses. Sections 5.1 and 5.2 discuss the
correlation between the sputtering system operation and the film
properties. The effects of post deposition anneal steps on the deposited
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films is presented in Section 5.5. Post deposition anneals were performed
on hot plates in air at varying temperatures. Sections 5.6 to 5.9 discuss
the results of studies into the film properties through scanning electron
microscopy, x-ray diffraction, optical transmission, and other
investigations, respectively.
5.1 Initial Screening Investigations
An initial screening experiment was performed investigating three
factors, the total system pressure, the percentage of oxygen, and the
current. The power supply was controlled by varying the current from 0.5
to 1.0 amperes. With the power supply design, control over the current
was more precise than control over the power. The applied supply voltages
were the voltages needed to sustain the selected amount of current
through the system. The voltages needed to sustain these currents only
varied by about 10 to 20 volts with different plasma conditions and was
assumed to have no effect on the responses. The power was, however,
investigated as an uncontrolled factor to verify this assumption. An
uncontrolled factor in the experiment is a factor that is not intentionally
varied, but it is monitored to determine if it has an effect on the responses.
The system pressure was controlled using mass flow controllers (MFCs) to
regulate the total amount of gas flow because unreproducable results and
drift in readings was observed with the pirani gauge. The total flow was
varied from 80 seem to 180 seem with the percentage of oxygen flow varied
from 5 to 25 percent. The oxygen partial pressure and argon partial
pressure were also investigated as uncontrolled factors. Prior to each
deposition the target was sputtered in pure argon for a short time, then
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allowed to stabilize with the Ar/02 gas mixture. The point at which the
target stabilized was evident when the supply voltage needed to maintain
the current came to a steady state. The responses investigated were the
resistivity, deposition rate, index of refraction, and transmission of the
films.
The initial factor ranges were over such a wide range that the film
properties were at extremes. The cases ofhigh oxygen flow and low power
yielded films that were not conductive and the low oxygen flow and high
power conditions produced films that were near metallic. The experiment
provided general trends and information as to what conditions would
result in a transparent and conductive film. As expected high oxygen
percentages, low current, and low total flow yielded a fully oxidized film.
High current, low oxygen percentage, and high total flow gave near
metallic films. The uncontrolled factors investigated revealed that changes
in the power and argon partial pressure did not correlate to changes in the
film properties. The oxygen partial pressure showed a definite trend and
most likely had a significant effect on governing the film properties.
Higher oxygen partial pressure corresponded to higher oxidized films. The
two most critical factors that had a dominant effect on the responses were
the oxygen content in the system and the current applied to the target.
5.2 Optimization
Using the screening experiment as a guide, an optimization
experiment was performed investigating the effects of the oxygen flow
(which corresponds to the partial pressure) and the argon flow over a
smaller range. The current was held constant at 0.75 amperes because the
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current or power could only be precisely controlled to settings of 0.5, 0.75,
and 1.0 amperes due to the limitations of the gauges on the power supply.
The current setting of 0.75Awas selected based on the deposition rate for
the film at that value. For rates in the range of 250 to 300 angstroms/sec
we could achieve reasonable thickness control for very thin films and yet
the deposition rate was high enough so that a relatively thick film could
be deposited in a reasonable amount of time. The variation of the power
needed to maintain the current for different target conditions was
monitored as an uncontrolled factor along with the total flow of both
gases. The oxygen flow was varied from 27 to 33 seem, corresponding to
partial pressures of approximately 6.5x10"^ and 8.5x10"^ torr. The argon
flow was varied from 115 to 185 seem which corresponds to an
approcimate argon partial pressure range of 3.75 to 5.4 mtorr, as read
from the pirani guage.
The response surface design was a central composite design with
star points and five center points. The design investigated quadratic as
well as linear and interaction effects. Similar to the screening experiment
the responses investigated were the resistivity, index of refraction,
transmission, and deposition rate. The transmission was measured with a
spectrophotometer over the range of 0.4 to 0.8 microns, averaging the
values. The results were analyzed and emperical models generated for the
various responses using a statistical software package, these models are
tabulated in Table 5.1. Details on statistical design of experiments terms
and theory is covered in the appendix.
Changes in the uncontrolled factor, the power, did not correlate to
observed changes on any of the responses. This indicated that the
48
Deposition Rate = Co + Cl [(O-30)/3] + C^[(Ar-150)/35]
Co = 281.4
Ci = -67.2
C2 = 29.4
Index = Co + Ci[(O-30)/3] + Cp[(Ar-150)/35] +
C3[(O-30)/3))*((Ar-150)/35))] + O/[((0-30)/3)**2] +
C5[((Ar-150)/35)**2]
Co = 2.15
Ci = -0.15
6^ = 0.14
C3 = -0.22
C4 = 0.16
C5 = 0.13
Resistivity = Ctf + Ci[(O-30)/3] + C^[(Ar-150)/35] +
C?[(O-30)/3))*((Ar-150)/35))] + O/[((0-30)/3)**2] +
C5[((Ar-150)/35)**2]
Co =0.00207
Ci = 0.010671
C2=
.039359
C5 = 0.15633
CV = 0.021681
C5 = 0.0.15633
Average Transmission = Co + C 7[(O-30)/3] + Cp[(Ar-150)/35] +
C5[(O-30)/3))*((Ar-150)/35))]+C4[((Ar-150)/35)**2]
Co = 81.54
Cl = 6.24
C2 = -8.97
C3 = 7.95
Of =-6.14
Table 5.1: Experimental models generated.
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variation in the supply voltage needed to maintain the current of 0.75 A
had no effect on the responses. Pareto bargraphs showing the main effects
of the oxygen and argon flows on the resistivity, deposition rate, index of
refraction, and transmision are illustrated in Figures 5.1 to 5.4. The main
effect is the effect of a factor on a response at the midpoint of the other
factors (i.e. the effect of oxygen on resistivity when varied from 27 to 33
seem while argon is held at its midpoint at 150). These graphs illustrate
the change in the response produced from the change in the level of the
factor. From these graphs it is evident that the oxygen flow rate has the
greatest effect on the deposition rate, a negative effect. Increases in the
oxygen flow rate results in decreases in the deposition rate. Increases in
the argon flow rate results in increases in the deposition rate, although
the magnitude of the effect is not as large as with the oxygen. This
corresponds to what was expected since the deposition rate is related to
the oxidation condition of the target. For the resistivity and transmission
responses the oxygen has a positive effect and the argon flow has a
negative effect. The index of refraction case is opposite, oxygen having a
negative effect and argon a positive. Again, this is expected since a higher
oxygen content in the film results in a lowermore transparent film.
The analysis of variance (ANOVA) tables for the refined models of
the responses are shown in Table 5.2. The model generated for the
resistivity response required that a logarithmic transformation be
performed on the data because the variation in results was so great. The
resistivity values went from approximately 10 "3 Q-cm in the range where
the film is metallic to the 102 2-cm range in the oxygen surplus portion of
the design space. From the ANOVA table the oxygen, argon, and oxygen-
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Pareto Graph for Mulreg ITONEWTRGTSMULREG, Model R
Main Effects on Transformed Response RESISTIVITY
Y////A Negative
Effect
fc^^ Positive
Effect
O: 28 to 34.2 10.39
AR: 101 to 173
Figure 5.1:Pareto bargraph of the resistivity main effect.
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Pareto Graph for Mulreg ITONEWTRGT@MULREG, Model DRMam Effects on Response DEPOSITION.RATE
Negative
Effect
Positive
Effect
0: 25.8 to 34.
AR: 101 to 199
(-188.22)
100 120 140 160 180 200
Estimated Main Effects
Figure 5.2:Pareto bargraph of the deposition rate main effect.
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Pareto Graph for Mulreg ITONEWTRGTBMULREG , Model N
Main Effects on Response INDEX_OF_REFRACTION
Y////A Negative
Effect
Positive
Effect
O: 25.8 to 31.5
AR: 131 to 199
-0.558)
0.00 0.05 0.10 0.15 0.20 u.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60
Estimated Main Effects
Figure 5.3:Pareto bargraph of the index of refraction main effect.
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Pareto Graph for Mulreg ITONEWTRGTSMULREG, Model TAVG
Main Effects on Response TRANSMISSIN AVG
Y////A Negative
Effect
IS^sl Positive
Effect
AR: 124 to 199
0: 25.8 to 34.2
(-27.86)
Estimated Main Effects
Figure 5.4:Pareto bargraph of the average transmission main effect.
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Least Squares Components ANOVA, Response $log_R Model R
df Sum Sq. Mean Sq. F-Ratio Signif. Transformed Term
Constant 1 150 .6424
"0 1 82 .8965 82 .8965 18 .26 0 ,0037
~AR 1 58 .6579 58 .6579 12 .92 0 .0088
~0*AR 1 60 .1899 60 .1899 13 ,26 0 .0083
"0**2 1 40 .4676 40 .4676 8 .92 0 .0203
~AR**2 1 29 .9879 29 ,9879 6 .61 0 .0370
Residual 7 31..7707 4 ,5387
((O-3e+01)/3)
( (AR-1.5e+02)/3.Se+01)
( (O-3e+01)/3)*(<AR-1.5e+
( (O-3e+01) /3)**2
( (AR-l.Se+02)/3.5e+01)**
indicates factors R-sq. 0.8928
are transformed. R-sq- adj . 0.8163
Model obeys hierarchy. The sum of squares for each term
is computed assuming higher order terms are first removed.
Least Squares Components ANOVA, Response DR Model DR
Source df Sum Sq. Mean Sq. F-Ratio Signif. Transformed Term
Constant 1 1030037
"0 1 35789.11 35789 .11 25.87 0.0005
"AR 1 6832.33 6832 .33 4.94 0.0505
Residual 10 13834.45 1383 .45
( <0-3e+01) /3)
{ (AR-1.5e+02) /3.5e+01)
indicates factors R-sq. 0.7550
are transformed. R-sq-adj . 0.7059
Model obeys hierarchy. The sum of squares for each term
is computed assuming higher order terms are first removed.
Least Squares Components ANOVA, Response N Model N
df Sum Sq Mean Sq. F-Ratio Signif. Transformed Term
Constant 1 64
"0 1 0 .1862828 0 .1862828 34 .84 0 .0006
~AR 1 0 .1684900 0 .1684900 31 .52 0 ,0008
~0*AR 1 0 ,2093886 0 .2093886 39 .17 0 ,0004
"0**2 1 0 ,1647451 0 .1647451 30 ,82 0 .0009
"AR"2 1 0 ,1188093 0 .1188093 22 ,22 0 .0022
Residual 7 0 ,0374229 0 .0053461
( (O-3e+01) /3)
( (AR-1.5e+02) /3.5e+01)
( (O-3e+01) /3)* ( (AR-1.5e+
( (O-3e+01) /3)**2
( (AR-1.5e+02)/3.5e+01)**
indicates factors R-sq. 0.9562
are transformed. R-sq-adj. 0.9250
Model obeys hierarchy . The sum of squares for each term
is computed assuming higher order terms are first removed.
Least Squares Components ANOVA, Response TAVG Model TAVG
Source df Sum Sq. Mean Sq. F-Ratio Signif. Transformed Term
Constant 1 78686.920
"0 1 308.875 308.875 11 .67 0..0091
"AR 1 636.849 636.849 24 .06 0 .0012
"0*AR 1 252.810 252.810 9 .55 0 .0149
"AR**2
Residual
1
8
258.735
211.731
258.735
26.466
9 .78 0 .0141
( (O-3e+01) /3)
((AR-1.5e+02)/3.Se+01)
( (O-3e+01) /3)*( (AR-1.5e+
((AR-1.5e+02)/3.5e+01)**
indicates factors R-sq. 0.8731
are transformed. R-sq-adj. = 0.8097
Model obeys hierarchy. The sum of squares for each term
is computed assuming higher order terms are first removed.
Table 5.2Compilation ofANOVA tables for response models.
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argon interaction were the most significantly contributing terms. While
the effects of the quadratic terms of the oxygen and argon factors are not
as significant as the linear and interaction terms, they do explain a
meaningful amount of the variation of the response and were left in the
model. The R-squared value indicates the proportion of the variability in a
response that is explained by the model. The adjusted R-squared is
modified to take into account for the number of terms in the model. The
adjusted R-squared for the resistivity response is 0.8163, meaning the
model explains for about 81 percent of the variation in the response.
Because of the duplicate center points and the extra degrees of freedom,
an investigation of the residual sum of squares was possible. By
comparing the amount of true random variation and the variation not
explained by the model, there was an indication of some lack of fit of the
model. The contour plot for this model is illustrated in Figure 5.5.
From the contour plot one can see that as the oxygen flow is
decreased and the argon flow is increased from their high and low values,
respectively, the resistivity goes through a minimum region. This decrease
in the resistivity is due to decreases in the oxygen content of the film, and
thus increases in the oxygen vacancies. The increase the resistivities at
the extreme high argon flow and low oxygen flow is due to an over
reduction of the film. It has been reported that in this over-reduced state
the carrier concentration increases slightly with a corresponding drastic
decrease in mobility^ The decrease in mobility is a result of increases
scattering centers and a breakdown of the indium oxide crystal lattice,
with eventual precipitation of indium metallic regions**2. in the high
oxygen and low argon flow region of the contour plot the resistivity rises
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RESISTIVITY
32.0 32.5 33.0
Figure 5.5:Resistivity contour plot, resistivity displayed as Q-cm and
flows in seem.
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dramatically. After the minimum in resistivity there is a rapid increase in
the resistivity as the high oxygen and low argon flow region is aproached.
The lack of fit observed in the model is most likely due to the inability of
the design to accurately model the drastic increase in resistivities when
the target condition changes from an oxygen deficient to oxidized state.
The model is trying to fit a smooth curve to the data when in fact there is
a sharp transition at the point where the target oxidizes. This change was
expected to occur at a point just above 30 seem of oxygen flow with 150
seem of argon flow. The model fails to show this change at this point.
Figure 5.6 is a graph of the models predicted response for 150 seem of
argon and .75A of current, represented by the square points and the fitted
line, and three verification points, represented by the circles. From this
graph it can be seen that the resistivites do in fact increase immediately
beyond 30 seem of oxygen flow. The model fails to predict this because the
design only investigates points well beyond this flow rate. The actual
behavior is similar to a step function with low resistivities up to a critical
flow and then a sharp transition up to a region of high resistivites. The
change in the response is really too abrupt for any model to fit smoothly to
the data. The model was checked in the lower oxygen flow region. The
results were reproducible.
The refined model for the deposition rate response indicated that
only two factors had a significant effect on the response, the oxygen and
argon flow. Of these two the oxygen is the most important, as seen from
the F-ratios in the ANOVA table. The adjusted R-squared values for this
model was 0.7059. Since there was not any evidence of a lack of fit of the
data to this model, the variation in the data that is unexplained by the
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Predictions for mean responses
of RESISTIVITY using model R
21-
20-"
19--
18--
17--
RESISTIVITY
-e-+-
0XYGEN_FLOW
AR=150
verification
Figure 5.6:Predicted and verified resistivites for 150 seem of argon flow.
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model is most likely due to random variation in the data. The contour plot
for the deposition rate in shown in Figure 5.7. The trend ofvalues for the
dep rate is as expected, increases in dep rate with increasing argon and
decreasing oxygen flows. However, the linear behavior of the model over
the design space is unexpected. A better representation of the change in
target conditions at about the same location of the increase in resistivites
would have been anticipated since the dep rate would be affected by the
taget condition. The reason for this may be due to the variation in the
response data which can be explained by variations in the measurement
technique. Additional variation may occur with the power supply itself.
The currents used for this experiment are at the very low end of the
supplies capability. Operating at this extreme setting may not be that
controllable.
The model for the index of refraction contained all the terms
investigated, with all of them indicating that they explain a significant
amount of the variation in the response. With an adjusted R-squared
value of 0.9250 the model explains about 93 percent of the variation in the
data. Investigation of the residual error showed no evidence of lack of fit.
Therefore the 7 or so percent ofvariation that the model doesn't explain is
most likely due to random error. The contour plot in Figure 5.8 shows the
expected trend of lower refractive index in the higher oxygen flow and
lower argon flow region of the design space. The minimum and slight
increase of the index at the extreme high oxygen and low argon flow rates
cannot be explained. Since the model fits the data well this increase might
be due to variation in the process or due to the data acquisition technique.
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DEPOSITION_RATE
H 7 1 1 j 1 H ?
27.0 27.5 28.0 28.5 29.0 29.5 30.0 30.5
OXYGEN_FLOW
DR
31.0 31.5 32.0 32.5 33.
Figure 5.7:Deposition rate contour plot, rate displayed as angstroms/sec
and flows in seem.
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INDEX_OF_REFRACTION
Figure 5.8: Index of refraction contour plot, gas flows are displayed in
seem.
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From observations on the repeatability of the process, it appeared that the
normal variation in the process with the index was within about +/- 0.1.
For the average transmission response, the terms in the model were
oxygen, argon, oxygen-argon interaction, and the quadratic effect of the
argon factor. The two most significant factors were the oxygen and argon
linear terms. The interaction and quadratic terms were statistically
significant enough to be kept in the model. With an adjusted R-squared of
0.8097 there was a minor amount of unexplained variation in the model,
possibly indicating some evidence of a lack of fit of the model. The contour
plot in Figure 5.9 shows the expected trend of a film of low transmittance
at low oxygen flow rates and high argon flow rates. The transmission
increases with increasing oxygen and decreasing argon. At and beyond the
region where the target condition is expected to change states the contour
plot tends to appear like a saddle. This is an indication ofnoise or random
data, most likely the reason for the lack of fit of the model. The lak of fit is
probably created by little or no change in the response in this region. It
was expected that after the target entered the oxidized state any further
increases in oxygen flow would not have any effect on the target condition.
This would then result in little or no changes in the response, making it
difficult to model.
The fact that the resistivity, index, and transmission properties all
show evidence of a flattening of the responses in the half of the response
surface where the oxygen flow is high and the argon flow is low, indicates
that the incorporation of the oxygen content in the films is occurring at
the target surface.
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TRANSMISSION_AVG
Figure 5.9:Average transmission (0.4 to 0.8 um) contour plot,
transmission displayed in percent and flows in seem.
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Theoretically, the oxygen can react with the target metal at the
target surface, in the plasma, or at the substrate surface. Reactions in gas
phase while traveling from the target to the substrate is negligibly when
compared to reactions at the target due to the short distance and large
mean free path (10cm) of the molecules at the sputtering pressures of=4
mTorr. This leaves the reaction to occur at the target surface and atthe
substrate surface. For this deposition configuration the substrates were
rotated over the plasma region at about 15 rpm. The substrates only
spend roughly 1/14 of their time in. the plasma region, the rest is spent
rotating around the chamber again. This limits the amount ofheating to a
negligible amount and limits the films exposure to energetic gas species
bombardment from the plasma. Because of this, the reaction of the
reactive gas, oxygen, at the target is the dominating mechanism in
incorporating oxygen into the films.
From the contour plots of the responses it is evident that the
electrical properties of the films are much more sensitive to the oxygen
content than the optical properties. The electrical properties vary close to
five orders of magnitude, while the transmission and index vary from
approximately 50% to 85% and 3.0 to 2.1, respectively. This illustrates the
need to critically control the oxidation state of the target.
Verification of the predicted values the models generate is shown in
Table 5.3. It can be seen from this table that there is a reasonable
agreement of the measured values compared to the predicted values in the
area of the design space that corresponds to the oxygen deficient region.
When verification of points in the oxygen surplus region was attempted,
there was not any agreement between the predicted and the measured
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Response Predicted Values for Measured Values for
Ar/02 flow of 140/29 Ar/02 flow of 140/29
Deposition Rate
Resistivity
Index of Refraction
Average Transmission
295.500000
0.001654
2.066200
82.278000
266.500000
0.000769
2.091300
86.500000
Response Predicted values for Measured values for
Ar/02 flow of 160/29 Ar/02 flow of 160/29
Deposition Rate
Resistivity
Index of Refraction
Average Transmission
312.300000
0.000731
2.193200
75.640000
274.600000
0.000536
2.192270
84.300000
Response Predicted values for Measured values for
Ar/02 flow of 150/30 Ar/02 flow of 150/30
Deposition Rate
Resistivity
Index of Refraction
Average Transmission
281.500000
0.002074
2.050400
81.542000
282.400000
0.001693
2.103910
82.300000
Response Predicted values for
Ar/02 flow of 160/31
Measured values for
Ar/02 flow of 160/31
Deposition Rate
Resistivity
Index of Refraction
Average Transmission
267.500000
0.003019
2.047400
81.300000
265.900000
0.001163
2.129200
80.500000
Response Predicted values for Measured values for
Ar/02 flow of 150/29 Ar/02 flow of 150/29
Deposition Rate
Resistivity
Index of Refraction
Average Transmission
303.900000
0.000926
2.118900
79.460000
267.600000
0.000982
2.107000
88.900000
Response Predicted values for
Ar/02 flow of 140/31
Measured values for
Ar/02 flow of 140/31
Deposition Rate
Resistivity
Index of Refraction
Average Transmission
250.700000
0.029931
2.007600
84.927000
156.300
12.500
2.101
85.800
Response Predicted values for
Ar/02 flow of 150/31
Measured values for
Ar/02 flow of 150/31
Deposition Rate
Resistivity
Index of Refraction
Average Transmission
259.100000
0.008004
2.016600
83.624000
132 .000
6.647
2.206
85.400
Table 5.3:Comparison of Predicted and Verified Points.
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data of the electrical properties. However, the optical properties were in
reasonable agreement. It seems, therefore, that the models are accurate in
the oxygen deficient state where the oxygen flow is low and the argon flow
is high. These conditions are depicted in the first five cases. As the region
where the target becomes oxidized is approached the experimental models
for the electrical properties and deposition rate fail to predict the sharp
change (from oxygen defecient to surplus) in film properties accurately.
The models for the optical properties provided a fair agreement in this
region. Therefore it can be concluded that the model is valid only for the
regions of oxygen deficiency. This transition from the oxygen deficient
state to the surplus state occurs approximately along the 0.005 fl-cm
resistivity line of the contour plot in Figure 5.5. The combination of the
transmission and resistivity contour plots together is shown in Figure
5.10. From this figure an optimum operating region around the settings of
150 seem argon flow and 29 seem of oxygen flow gives a film of
approximately 10 "3 Q-cm resistivity and 84% average transmittance.
5.3 Hysterisis Effects on the Target Oxidation States
Initial characterization of the deposition system revealed little
evidence of a hysterisis effect. A plot of the system pressure as a function
of the reactive oxygen gas flow is illustrated in Figure 5.11. This figure
shows only a small region of a few seem, up to an oxygen flow rate of 4
seem, where increases in the reactive gas flow are not accompanied by a
matching increase in pressure. This, however, is nowhere near the amoim>
of oxygen needed to obtain a stoichiometric film of ITO based on the
measured film properties. Films deposited at 4 seem of oxygen and 160
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RESISTIVITY, TRANSMISSION_AVG
28.0 28.5 29.0 29.5 30.0 30.5
OXYGENFLOW
31.0 31.5 32.0 32.5 33.0
Figure 5.10:Resistivity and Average Transmission Plot, resistivity is
displayed in Q-cm, transmission in %, and gas flows in seem.
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160 seem Ar+02 : 220 W
Pressure (mTorr)
4.60A 1 Y
10 11 12 13 14 15
Percent 02
O unpowered
A powered
Figure 5.11 System pressure vs. reactive gas, oxygen, flow rate for 160
seem of argon flow.
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seem of argonwould be extremely oxygen deficient. The DC supply voltage
likewise revealed no hysterisis effect. The supply voltage increased with
increasing oxygen additions. The supply voltage of a plasma is known to
decrease with increasing pressure for a constant current density29.
Therefore, the supply voltage most likely reflected changes in the plasma
impedance resulting from different ionization efficiencies of oxygen with
respect to argon and notable change in the target condition.
This extinguishing of the hysterisis curve was observed by several
researchers upon investigating the effects of pumping speed on the
kinetics of the reaction process24,26,27,28 Okamoto and Serikawa26>
upon varying the pumping speed for a reactive Si3N4 sputtering process,
found the hysterisis curve disappears with high pumping speeds. They
calculated the specific consumption ofN2 through the deposition rates,
measurements of the film, and residual gas analysis of the system. It was
found that the N2 consumption rate could be given by:
fc = fr - fa(pO-Pa)/pa (5.1)
where fc is the consumption rate, fr is the reactive flow rate, fa is the inert
flow rate, pa is the inert partial pressure, and pO-Pa is the difference in
the measured sputter pressure of both the inert and reactive gases and
the inert partial pressure. The second term of the equation represents the
amount of reactive gas flow that is removed through the system exhaust
pump. It has also been suggested that the location of the gas inlet with
respect to the target and exhaust pump location has an effect on the
amount of reactive gas incorporated into the film. It is beyond the scope of
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this research and the capabilities of the equipment to determine the
precise incorporation rate of oxygen in the film, however, it is useful to
realize that the relative amount of reactive gas incorporated into the film
is still strongly dependant on the reactive gas flow. Therefore, with the
way the system is configured, no hysterisis can be observed based on the
pumping speed of the system.
5.4 Effects of Target Condition and Pressure on the Deposition
Rate and Film Properties
Determination of the target condition can be found through
monitoring the deposition rate. When the target is in an oxidized state,
the deposition rate will be significantly less. For the same applied current,
an oxidized target will sputter at a slower rate than an oxygen deficient or
more metallic target. This is because the secondary electron emission of a
dielectric is greater than that for metals^l. The total current flowing
through the system, is the sum of the current from the positive ion flux
hitting the target and the secondary electron flux heading toward the
anode. If the secondary electron flux is larger for the dielectric or oxidized
case, it follows that the flux of ions hitting the target is less for the same
total current. This results in a slower sputter rate.
The effects of reactive and inert gas flows on the deposition rate is
illustrated in Figures 5.12 and 5.13. The deposition rate illustrated here
and quoted throughout this work is the rate deposited on a substrate
while it is moving in the substrate holder over the target at about 15 rpm.
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Deposition Rate versus Oxygen Flow Rate
150 seem of Argon Flow
Deposition Rate
(A/min)
30 31 32 33 34 35
Oxygen Flow Rate (seem)
Figure 5.12: Deposition rate vs. oxygen flow rate. Argon flow held
constant at 150 seem.
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Deposition Rate versus Argon Flow Rate
30 seem Oxygen Flow Rate
Deposition Rate
(A/min)
180 200 220 240 260 280
Argon Flow Rate (seem)
Figure 5.13: Deposition rate vs. argon flow. Oxygen flow rate held
constant at 30 seem.
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If the substrate was held stationary over the target the deposition rates
would be approximately fifteen times higher than the ones quoted.
In Figure 5.12 the inert argon flow was held constant at 150 seem,
corresponding to approximately 4.3 mTorr, while the oxygen flow was
increased from 25 to 40 seem. This increased the system pressure from 5.0
mTorr at 25 seem addition to 5.5 mTorr at 40 seem of additional oxygen.
With increases in the oxygen flow rate, the depositition rates are fairly
constant until a flow of about 30 seem, corresponding to an approximate
pressure of 5.4 mTorr. Increases in oxygen flow past 30 seem resulted in
the deposition rate decreasing rapidly. The point where the deposition
rate drops off is where the target surface becomes oxidized. Increases
beyond this point show little change in deposition rate. When the target is
oxidized, increases in the oxygen concentration cannot oxidize the target
past this level. Additional oxygen flow is then just pumped out of the
system. Films deposited at these conditions are fully oxidized and non-
conductive. At an oxygen flow slightly below this drop off in deposition
rate is a condition of non-stoichiometry or oxygen deficiency. It is in this
parameter region where a conductive indium tin oxide film can be
deposited. The further from this point where the target oxidizes (lower
oxygen flow rate) the more oxygen deficient and opaque the film will
appear. The sharp drop off in deposition rates corresponding to a drastic
change in film properties is consistent with the results seen in the
experimental design sections. This diagram, 5.12, also illustrates how the
film properties are dependant on the target condition.
In Figure 5.13 the oxygen flow or partial pressure was kept
constant at 30 seem, about 0.6 mTorr. The argon was then added and
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varied from 115 to 350 seem. This changed the total system pressure from
approximately 4.2 mTorr to 8.7 mTorr. It can be seen that the deposition
rate was low and then increases as the amount of argon flow was
increased. This is indirectly related to the above case when the oxygen
flow was varied. When the argon flow is decreased while holding the
oxygen flow constant the sputter rate will decrease, resulting from a lower
ion flux. For argon flow rates above approximately 150 seem there is
relatively little change in the deposition rate. When the argon flow rate is
reduced below this critical value for a constant oxygen flow rate, there is
an abrupt change in deposition rates. Because the target is being
sputtered at a slower rate it no longer needs as much oxygen to maintain
its current oxidized state. The effect is then essentially the same as
increasing the amount of oxygen into the system. When the argon flow is
increased and the sputter rate increases correspondingly, the target shifts
to a deficient state. There is a need for more oxygen in order to maintain
the state. There is essentially a balance of oxidizing and sputter rates
going on during the deposition. When operated at or near the critical flow
rates, the sputter rate and amount of oxygen added to the system are
critical.
This change in deposition rates as a function of the inert sputter
atmosphere is illustrated in Figure 5.14 for a 5 cm source to substrate
distance of a magnetron cathode29. Deposition rates typically increase
with sputter pressure as a result of an increase in the flux of ions
bombarding the target surface. The decrease in deposition rate at higher
pressures is due to scattering of the deposited material from increased
collisions. It can be seen from this figure that there is about a 10% change
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Figure 5.14:Deposition rate versus argon pressure for a 5 cm source to
substrate distance of a DC magnetron cathode [29].
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in deposition rates for a broad range of pressures (i.e. 2-20 mTorr)29.
When this reported result is compared with the measured results in
Figure 5.13, there is a good correlation. The decrease in argon flow or
pressure causes the target to sputter slower which then results
in the target oxidizing. The combination of the slower sputter rate and the
oxidizing effect results in the deposition process being critically dependant
on the target sputter rate and condition.
When looking at the deposition rate for argon flows above 160 seem
there is a noticeable amount ofvariation in the rates. This variation may
be atributed to the power supply. The applied power to the system has the
same effect on the deposition rate as the argon. At slow sputter rates for a
fixed oxygen flow or partial pressure the target will become oxidized. For
fast sputter rates at the same oxygen partial pressure the target will be
deficient since there won't be enough oxygen to keep the oxidizing rate up
with the sputter rate. In the optimization part of the experiment the
power suply was held constant at a fixed current. However, the stability of
the supply source in maintaining the amount of current is unknown.
Fluctuations in the applied current could generate random error similar to
that which is evident in some of the models.
5.5Annealing Effects on ITO Film Properties
As mentioned in Chapter 3, depositing films onto heated substrates
aids in increasing the crystallinity of the film. Post deposition anneal
steps can also be performed to accomplish this same effect. The effect of
heating from the plasma and film formation on the substrate has been
reported to occur at a temperature of 100C30. Plasma heating at the
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settings of the experiment was assumed to have negligible effects on the
properties of the films with this system configuration. With the substrates
moving over the plasma region at about 15 rpm there is insufficient time
for the substrates to heat up substantially. When the substrates were held
in a static position over the cathode there was a heating affect observed,
since the substrates were warm when removed from the system. No
quantification of the actual temperature reached by the substrates was
obtained. The films in this research were deposited on substrates at the
sputter chamber ambient temperature and annealed afterwards in air on
hot plates at various temperatures. A post-deposition anneal of the films
was done for 45 minutes based on reported results that after 30 - 40
minutes the films stabilize^. The change in transmission at 436 nm and
the resistivities were measured as a function of the anneal temperature.
The transmission was measured at 436 nm based on the availability of a
stable light source.
The resistivity and transmission at 436 nm are shown in Figures
5.15 through 5.17. The annealed films in Figures 5.15 to 5.17 were
deposited in an oxygen deficient, partially oxidized, or a high oxygen
surplus state, respectively. For all the films, there was a decrease in the
resistivity without any improvement in transmission with increasing
anneal temperatures up to 200C. This improvement in resistivity is
reportedly due to significant improvement in mobility due to
crystallization of the films. At 200C there is a near minimum in
resistivities and a slight increase in transmission properties. This
improvement of conductivity and transmission can be explained by the
crystallization of the films. With an increase in crystal structure the
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Resistivity and Transmission vs . Anneal Temperature
for a 1550 A film
113/22.1 seem Ar/02 flow
Resistivity
(ohm-cm)
Transmission
H 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 y
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400
Temperature (C)
Transmission
O Resistivity
45 minute anneal in air on hot plate, Transmissin measured at 436 nm
Figure 5.15:Resistivity and transmission properties of an ITO film as a
function of anneal temperature deposited in 22.1 seem of
oxygen flow.
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Resistivity and Transmission vs. Anneal Temperature
for a 1200 A ITO film
96/24 seem Ar/02 flow
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Figure 5.16:Resistivity and transmission properties of an ITO film as a
function of anneal temperature deposited in 24 seem of
oxygen flow.
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Resistivity and Transmission vs. Anneal Temperature
for a 900 A ITO film
107/27.8 seem Ar/02 flow
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Figure 5.17:Resistivity and transmission properties of an ITO film as a
function of anneal temperature deposited in 27.8 seem of
oxygen flow.
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mobility improves, thus enhancing the conductivity. It is also evident that
an annealed film is more transparent than an amorphous film, as
indicated by the increase in transmission. Even the film deposited in the
oxygen surplus state in Figure 5.17 indicated an improvement in
transmission properties. Probably due to a more complete reaction of the
oxygen and a densification of the films. The change in transmission
properties of the film with a high oxygen content is noticeably less than
the film deposited in a deficient state, in Figure 5.15. Anneals beyond
200C have been reported to only produce minimal changes in the grain
sizes, therefore, improvements in resistivity are minimal. As the anneal
temperature rises the resistivity increases for the films deposited at 22
and 24 seem of oxygen flow. Both of these films were in the reduced
substoichiometric case. The increase in resistivities is a result of an
increase in the active oxygen concentration of the films, the active oxygen
acting as traps for the carriers. This change in the active oxygen
concentration occurs from the diffusion of oxygen into the films.
Studies have been done to characterize the change in film thickness
resulting from either the diffusion of oxygen into the films or the removal
of oxygen from the films in a reducing anneal32. Also, the electrical
properties of the films have been shown to be reversible and stated in
Chapter 3. The reversability is a result of changing the active oxygen
concentration in the film. This effect is not seen in the film deposited with
27.8 seem of oxygen flow since this film already has an excess of oxygen
content by being deposited in the surplus state of process. Attempts to
reverse the increases in resistivity at high anneal temperatures by
following them with lower temperature anneals were unsuccessful. This
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reversability in the resistivity of the films was observed by Steckl and
Mohammed for thinner films 1?. Future investigations of anneals in
vacuum may enhance the outgassing or removal of oxygen from the films,
making this reversible effect obtainable.
The effect of the anneals on the index of refraction can be seen in
Figure 5.18. In this figure the index of refraction of two samples, one
deposited at a high oxygen flow rate of 28.9 seem and another at a low
oxygen flow rate of 21.1 seem, corresponding to films with an oxygen
surplus and an oxygen deficiecy, is plotted as a function of anneal
temperature. It can be seen that the film deposited at the higher oxygen
partial pressure shows virtually no change in its index of refraction,
approximately 2.1 to 2.2, as the temperature is increased. The film
deposited at the low oxygen partial pressure, 21.1 seem of oxygen flow, has
an index of around 3.0 up to an anneal temperature of about 230C, where
the index starts to drop off. It can be seen that the index does not change
for the anneal regions up to 200C. It is this region where the significant
change in resistivities was observed. This confirms that the change in
electrical properties was due to increases in mobility from grain growth
and not a change in the oxygen content of the films For anneals greater
than 230C, the index drops off until it reaches an index of about 2.1. The
decrease in the index corresponds to a change in the active oxygen content
of the films. The index after a 300C anneal is similar to the one of the
high oxygen partial pressure at this anneal temperature. From this it is
evident that the index of refraction
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Index of Refraction vs. Anneal Temperature
Index of
Refraction
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O 28.9 seem of 02 flow
- O-- 21.1 seem 02 flow
Anneals performed on hot plates in air for 45 minutes. Films deposited at 0.75 A
Figure 5.18:Index of refraction as a function of anneal temperature.
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is related to the oxygen content of the films. The dependance of the index
of refraction in the films on the oxygen content is illustrated in Figure
5.21. The plot illustrates a decrease in the index from about 3.0 to 2.1 for
films deposited with oxygen flows varying from 20 to 29 seem.
5.6 Scanning ElectronMicroscopy
The effect of the anneals on the crystalline structure of the films is
shown in the scanning electron micrographs in Figure 5.20 and 5.21. ITO
films with a thicknesses of 6000A were deposited on silicon and etched in
a diluted HCL solution (2:1 H20:HCL by volume) for 40 seconds to
highlight grain boundaries. The micrographs in Figure 5.20 is of
unannealed samples. This picture shows some order and columnar
structure of the film. The marker in both images represents 1 pm. When
compared to the films in Figure 5.21 which have been annealed for 45
minutes at 250C there is an apparent difference in the size of the
columns and the density the film. Looking at the bottom portion of the
film it is apparent that there is a recrystalization and grain growth of the
films. This regrowth is not seen throughout the film, possibly due to the
thickness of the film or the method of annealing, on a hotplate. Anneal
times of 45 minutes were used for films of approximately 2000A. For the
thicker films a longer anneal may have been necessary. The crystal grain
sizes appear to be on the order of 200 nm, in agreement with reported
results**.12.
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Index of Refraction vs. Oxygen Flow
Index of
Refraction
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Figure 5.19:Index of refraction versus oxygen flow rate.
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(a)
(b)
Figure 5.20:Scanning electron micrographs of as deposited films, (a)
Surface view, (b) cleaved side view.
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(a)
(b)
Figure 5.21:Scanning electron micrographs of
annealed ITO films, (a)
Surface view, (b) cleaved side view.
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5.7 X-ray Diffraction Results
The crystalline structure of the ITO films after annealing was
verified by x-ray diffraction, illustrated in Figure 5.22. No analysis was
performed on the unannealed films. X-ray diffraction was performed on a
4 pm ITO film deposited on a glass slide. The crystal structure is
indicative of In203 with the (400) reflection being the most intense peak.
A second order reflection at approximately
75 for the (800) reflection was
observed, confirming this peak. The location of the (400) reflection appears
slightly lower than its known location at 35.5. This shifting of the peaks
toward slightly lower angles has been shown to be a result of the Sn
dopant25. This (400) intensity is representative of a preferred orientation
in the <100> direction relative to the substrate plane. This result is
consistent with reported results25. The lattice constant of the indium
oxide structure was calculated from 8 reflection peaks to be 10.157A. This
value is larger than the known value of 10.118A for indium oxidel^. The
increase of the lattice constant is a result of the tin doping, and is slightly
less than the value of 10.188A that Parent et al.25 reported for a tin
doping concentration of 10 atomic %. There was no indication of any
reflections from tin or tin oxide phases. This is also in agreement with the
literature25,34#
5.8 Optical Properties of ITO
The transmission of a 2000Afilm on a microscope slide was
measured with a UVTVis spectrophotometer over the range of 300 to 800
nm. The transmission, using a clear glass slide as a reference, is
illustrated in Figure 5.23. This figure shows an approximate average
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Figure 5.22:X-ray diffraction of ITO film on glass.
90
Transmission of a 2000 A ITO film
over 300 to 800 nm spectral range
Transmission (%} 50--
250 300 350 400
+- -+-
450 500 550 600
Wavelength (nm)
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Figure 5.23:Transmission curve of an ITO film.
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transmission of 90% from about 450 nm to 800 nm. Below 450 nm the
transmission begins to drop off. The transmission reduces to near zero in
the range of 300 to 350 nm. This is a result of the film absorbing radiation
and correlates to the band gap of about 3.75 eV. The sinusoidal effect is
due to an interference pattern from the index of refraction difference
between the glass slide and film. ITO films have an index of refraction of
approximately 2.0 and the index of the microscope slides is around 1.5.
This mismatch of ther indices of refraction results in the radiation
reflecting at the interface and interfering with the light constructively and
destructively depending on the wavelength.
The effect of thickness on the transparency of the ITO films can be
seen in Figure 5.24. Transmission curves for film thicknesses of 1000,
2000, 2800, 3500, and 6000A are shown. It can be seen that for thinner
film thicknesses the absorption at shorter wavelengths is less. This is
indicated by the higher transmission in the 350 to 400 nm range for the
thinner films. The transmission of the films above 450 nm is nearly equal
for all thicknesses, in the 85 to 90% range due to the low absorption of the
films in this region. This shows that the film thickness only affects the
transmission in the film near the absorption edge where the absorption is
high.
5.9Miscellaneous Investigations
Additional characterization tests performed on the films were
energy dispersive x-ray analysis and a test for the assessment of stress in
the deposited films. The results of the energy dispersive analysis results
were inconclusive. They only confirmed that the sputter target material
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Figure 5.24transmission curves versus film thickness.
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was indeed indium. The relative tin concentration was unable to be
observed due to the inability to resolve the x-ray lines, the indium and tin
fines overlap each other. Additionally, the system was equipped with a
beryllium window which prevented the observation of oxygen content.
Investigation of the stress in the films was performed by depositing
ITO onto polyimide substrates of 5 mil thickness. This investigation was
also inconclusive since no curvature of the polyimide was observed for the
films. The observation of the stress in the films was attempted for films of
extreme oxygen surplus, 150/40 seem Ar/02, near optimum film properties
of 150/29 seem Ar/02, and an extreme deficient film state deposited in
150/15 seemAr/02 flow. Stress measurements were attempted for films of
0.2 and 1.0 micron thick. An indication of stress in the films would be
observed by the curling of the polyimide film in a concave or convex
direction corresponding to respective tensile or compressive stresses. For
the deposited films there was no observation of stress. One can assume
then that if there is any stress in the films, it isn't great enough to curl the
5 mil substrates. No attempt was made to observe this effect on thinner
substrate materials. Some possible reasons for there not being significant
stress in the film may be a result of the films being deposited in a close
coupled configuration where the substrate is actually exposed to the
plasma. Plasma species and particle bombardment on sputtered films has
been widely investigated and reported to alter film properties21,31. The
effects of bombardment of the substrate by plasma species may tend to
reduce the stress in the films. The effects of the heat generated in the
plasmamay also affect the stress and the polyimide substrate itself. Work,
by researchers investigating the effects of stress in copper films, related
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the stress to the conductivity. However, the deposition was performed
with 1 mil thick substrates and 20 cm from the target, well out of the
plasma region^.
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Chapter 6
Conclusions
A DC reactive sputtering method of an In/Sn alloy target for the
formation of tin doped indium oxide was depeloped and characterized
using experimental design approach. It was shown that high quality ITO
films with resistivities in the 10-3 ii-cm range with 85% transmission in
the visible spectra from 0.4 to 0.8 microns could be obtained. These film
properties were obtained at the optimum conditions for resistivity and
transparency, 29 seem of oxygen flow and 150 seem of argon flow. The
experimental models generated for the investigated responses aggreed
with the empirical data in regions where the sputtering target was in an
oxygen defient state. In regions where the target was in an oxidized state
the models failed to predict the responses accurately. This was due to the
difficulty in accurately modeling the transition point between a deficient
and fully oxidized state, as the change in film properties at this point was
too abrupt to be modeled with continuous functions. However, the
response surfaces did provide the setting of the design where this change
in properties occurs. It was evident that, for the films deposited on
ambient temperature substrates, the oxygen was incorporated into the
film predominantly at the target surface. This was evident by noting that
the film properties were correlated closely with the oxidation conditions of
the target.
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The effects of annealing the films in air showed that the films
crystalize at low temperature anneals. This improved the conductivity
through increases in mobility as a result of larger grain sizes. This
enhanced crystallization was evident through scanning electron
microscopy. The crystal structure was found to be that of a doped indium
oxide from x-ray diffraction analysis. This was illustrated by the shift of
indium oxide peaks to lower diffraction angles and an increase in the
lattice parameter.
This research showed that high quality as deposited ITO films can
be generated on room temperature substrates by DC reactive sputtering
through careful control of the deposition parameters and the target
condition. Improvements of the film properties could be obtained by post
deposition anneal steps. Possible further investigations into the effects of
inert, reducing and vacuum anneals, along with deposition onto heated
substrates may lead to further improvment and control over the process.
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Appendix A:
Statistical Design ofExperiments
Experimental design based on statistics offers the advantage of a
structured approach to solving problems. In experimental research one
attempts to accomplish the objective of the experiment with the
expenditure of the least amount of resources. With a designed approach, a
certain amount of empirical information can be obtained with fewer
experiments than if a random approach was taken. The statistical
structure of a designed experiment allows for this to be possible. A one
factor at time approach would require many more trials to investigate the
same number of factor settings and may miss pertinent interactions
between factors. The statistics that experimental design is based upon
require a certain degree of basic statistical knowledge. This appendix will
briefly discuss the basic principles of Design of Experiment (DOE) and
some of the key terms and tools that are used when working and dealing
with and experimental design. It will not attempt to delve into the basis
from which DOE is derived nor into the statistical theory of some of the
tools used for DOE. It will mainly try to explain the usefulness of some of
the aspects ofDOE and lend some insight into the terminology used with
DOE. For further information the reader is referred to Barker 38.
Some of the basic terms that are used throughout experimental
design follow. The objective of an experiment is the desired goal of the
experiment. This goal can be to optimize an existing process or to learn as
much about a new process as possible. The variables investigated that can
be controlled independently are called factors. Typical factors can be the
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amount of gas flowing into a chamber or the power applied to a deposition
system. An uncontrolled factor is a variable that can't be directly
controlled but can be monitored to determine its effect on the measured
variables. An uncontrolled factor could be the ambient temperature. The
variables that are measured (i.e. deposition rate, resistivity, transparency)
are called the responses of the experiment. These are dependent on the
factor settings.
A standard experimental design used in DOE is the factorial
experiment. The factorial design allows the changing ofmultiple factors at
a time while still yielding information about the responses. Graphical
aids are normally used to visualize the design space, as illustrated in
Figure A. la. This figure illustrates a two level three factor experiment.
Each axis represents one factor of the experiment. The points on the cube
represent the settings at which an experimental trial is performed.
Factors can be examined at two or more factor settings called levels. For a
two level design the low level is represented by a (-) and the high by a (+).
Two level designs are useful for initial testing or for examining responses
that act in a linear manner. When a response is non-linear (i.e. quadratic
in nature) a two level design will not sufficiently represent the system.
This can be illustrated in Figure A. 1(b). The graph shows that for a linear
response two levels would work fine, however, for a quadratic response
three levels are necessary to represent the response. A typical approach in
DOE is to perform a two level design and generate a linear model for the
response. The model would then be checked at the midpoint between the
high and low setting, represented by a '0'. If there is good agreement with
the centerpoint and the experimentally generated model then one could
assume the model is an adequate representation of the response. If there
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Figure A.1: (a) Graphical view of a two level three factor design, (b)
curvature determination of two and three level design[31].
100
was significant difference, then one would assume that a linear model
fails to represent the response. In the latter case an experiment
investigating the factors at more that one level would be required. Either
a full-factorial which investigates all combinations at three levels or a
composite design which investigates at multiple factor levels at specific
factor settings A central composite design is illustrated in Figure A.2.
After a design is chosen and the experimental trials are completed
an analysis is performed. A standard method used to analyze multiple
groups is through the ANalysis Of VAriance, or ANOVA. When two
groups are compared one usually thinks of comparing the means of the
two groups and taking into account the variances of each of the groups.
This method works fine for two sample groups. However, for multiple
groups the statistical confidence of indicating a difference between the
groups decreases significantly. In such a case an ANOVA or comparison of
means through the analysis of variance proves to be more effective. This
method compares the variation of a factor to the normal statistical
variation. If there is a statistical significance, then the factor is said to
have an effect on the response.
The ANOVA tables listed in Table 5.2 contain certain information
that represents the statistical significance of some of the factors. The first
column of importance is the mean square column. It is the sum of squares
divided by the degree of freedom, which is the statistical variance of the
factor. The residual factor is the random or background
"noise" factor.
These variances are used in the next column, the F-Ratio. The F-Ratio, or
sometimes called the F-statistic, is the ratio of the factor mean square to
the residual mean square. The F-Ratio is a standard statistical test used
to compare two variances for significant differences. This test is analogous
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Figure A.2: Central composite design[31].
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to the t-test used in comparing two means. The significance column
represents the statistical significance or confidence of the statistical
assumptions. A significance of 0.05 indicates a 95% confidence that the
assumption of two variances being different is correct.
The generated model can be checked by looking at the R-squared
statistic listed at the bottom of the ANOVA table. This is an indication of
the proportion of the variation in the response that is explained by the
model. An R-squared value of 1.00 indicates that the regression model
indicated all of the variation or changes in the response. Likewise an R-
squared value of 0.70 would indicated that the model only explains 70% of
the changes in the response. The other 30% of the variation is not
explained by the model. This unexplained variation could be an indication
of a lack of fit by the model or it might be attributed to excessive noise in
the response data. It is in such an instance where replicates or data points
that are repeated at the same factor conditions are useful in obtaining a
better feel for the normal process variation. The standard variation at
each replicated data point, called the pure error, is then compared to the
residual variation. If the pure error is small compared to the residual
error then that might be an indication of a poor lack of fit.
Once a sufficient model has been generated one can begin to
interpret the results. A useful way of displaying the relative importance of
the factors is through a Pareto chart or bargraph. A Pareto bargraph is
illustrated in Figure 5.1. This is basically a bargraph that compares the
main effects of the all the factors. From this graph or chart one can easily
visualize which factors have the largest effect on the response. The main
effect is the effect on the response that a factor has when it is changed
from its low value to its high value. One can also display the response as
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predicted by the model in the entire design space a contour plot. Such a
plot is illustrated in Figure 5.5. After an understanding of the relationship
between the factors and the responses has been obtained, one could choose
a set of optimum conditions and verify them emperically This would
provide a real check for the validity of the model.
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